Hypoxia-induced apoptosis plays an important role in cardiovascular diseases. Integrin β3 is one of the main integrin heterodimer receptors on the surface of cardiac myocytes. However, despite the important role that integrin β3 plays in the cardiovascular disease, its exact role in the hypoxia response remains unclear. Hence, in the present investigation we aimed to study the role of integrin β3 in hypoxia-induced apoptosis in H9C2 cells and primary rat myocardial cells. MTT assay, flow cytometry and TUNEL assay results showed that hypoxia inhibited cardiomyocyte proliferation and induced cardiomyocyte apoptosis. The expression levels of integrin β3 and HIF1α were upregulated in hypoxia-induced cardiomyocytes as revealed by real-time PCR and western blot analysis. Furthermore, knockdown of integrin β3 expression by siRNA increased hypoxia-induced cardiomyocyte apoptosis. In addition, integrin β3 overexpression weakened hypoxia-induced cardiomyocyte apoptosis. The protein expressions of integrin β3 and HIF1α were upregulated in acute myocardial infarction rat cardiac tissues compared with the control rat cardiac tissues. Our data suggest that integrin β3 plays a protective role in cardiomyocytes during hypoxia-induced apoptosis.
Introduction
Myocardial infarction (MI) is one of the most common cardiovascular diseases that threatens human health worldwide. MI can lead to cardiomyocyte loss and subsequent reparative fibrotic healing, which ultimately leads to myocardial dysfunction and myocardial remodeling [1] . Although there has been great progress in myocardial protection research, there is limited information for improving myocardial resistance to ischemic injury. Thus, identifying novel therapeutic targets for MI is imperative.
After myocardial injury, such as MI, extensive remodeling occurs in both cardiomyocytes and the extracellular matrix (ECM) [2] .
Integrins are cell surface adhesion receptors that mediate cell-cell and cell-ECM interactions with several ligands. Integrins are composed of two different subunits, α and β, which may assemble into 24 different combinations of heterodimers with individual specificities to ECM proteins [3] . Extensive studies have shown that integrin β3 regulates cellular proliferation, adhesion, migration and metastasis in tumor cells [4, 5] . Because integrin β3 is also the main integrin heterodimer on the surface of cardiomyocytes, it plays an important role in cardiovascular disease. Previous studies have shown that integrin β3 prevents programmed cell death in cardiomyocytes in a pressure-overload myocardium and that it activates survival signaling during myocardial hypertrophy [6] . Furthermore, recent studies have shown that integrin β3 inhibits lipopolysaccharideinduced autophagy in cardiomyocytes via the Akt signaling pathway [7] . However, despite the important role that integrin β3 plays in cardiovascular disease, its exact role in the hypoxia response remains unclear.
MI results in irreversible myocardial necrosis caused by prolonged ischemia and hypoxia. Hypoxia can induce cardiomyocyte apoptosis and ultimately causes myocardial necrosis [8] . For this reason, understanding the pathways that lead to cardiomyocyte apoptosis and identifying strategies to modulate this process may have important clinical implications. In this study, we investigated the role of integrin β3 in hypoxia-induced cardiomyocyte apoptosis.
Materials and Methods
Cell lines and cell culture H9C2 rat embryonic cardiomyocyte cells were obtained from the cell bank of the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). H9C2 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Hyclone, South Logan, USA) containing 10% fetal bovine serum (FBS) (Gibco, Carlsbad, USA) at 37°C and 5% CO 2 .
Primary culture of myocardial cells
Primary myocardial cells were isolated from newborn SpragueDawley rats (<3 days old; Jiesijie Laboratory Animal Co, Shanghai, China). Rats were sacrificed by cervical dislocation and the apex portion of the heart was harvested by cutting open the left chest wall along the midline of the sternum. The heart was mechanically ground into pieces (1 mm   3 ) and then digested with trypsin (0.075%) and collagenase (0.2%) for 30 min at 37°C. After that, myocardial cells were collected and centrifuged for 5 min at 300 g at room temperature. The collected cells were seeded in 6-well plates (1 × 10 5 cells/well) and cultured in DMEM with 10% FBS at 37°C and 5% CO 2 .
Quantitative real-time RT-PCR
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, USA), and the RNA samples were reverse transcribed into cDNA using a PrimeScript RT reagent kit (Takara, Dalian, China). Quantitative real-time RT-PCR (qRT-PCR) was performed using an ABI Prism 7500 System (Applied Biosystems, Foster City, USA) with SYBR ® Premix Ex Taq (Takara). The primer sequences in this study were as follows: Intergin β3: forward 5′-AGTCAGCGAGGCCCAG ATC-3′, reverse 5′-AGGGTCTGGATGCTGGACAG-3′; β-actin: forward 5′-AGGCATCCTGACCCTGAAGTAC-3′, reverse 5′-GAGG CATACAGGGACAACACAG-3′. Relative gene expression was analyzed using 2 −ΔΔCT method.
Western blot analysis
Western blot analysis was performed according to a previously described protocol [9] . Total protein was extracted from cells by homogenization in ice-cold lysis buffer (Tissue Protein Extraction Reagent; Thermo Fisher Scientific, Waltham, USA) containing phosphatase and protease inhibitors. The protein lysates were separated by 10%-12% sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. The membranes were incubated overnight with antibodies against integrin β3 (Abcam, Cambridge, UK), HIF1α (Santa Cruz Biotechnology, Santa Cruz, USA), and β-actin (Sigma, St Louis, USA). The membranes were then rinsed and incubated with the corresponding horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG (Santa Cruz Biotechnology) secondary antibody. The membranes were then rinsed, and the bound antibodies were detected using an ECL chemiluminescence detection system (Thermo Fisher Scientific) and quantified by scanning densitometry. β-actin was used as a loading control.
MTT assay
Cell viability was determined using an MTT assay according to the manufacturer's instructions. Briefly, 5000 cells/well were plated in triplicate in 96-well plates and allowed to grow for 24 h. Then, the cells were treated with CoCl 2 or subject to hypoxia for 24, 48, or 72 h. Next, MTT reagent (5 mg/ml) was added to each well and incubated for 4 h at 37°C. The remaining crystals were dissolved in dimethyl sulfoxide. The absorption was measured at 570 nm (620 nm was used as a reference) with an ELISA plate reader.
Apoptotic assay
Cell Meter™ Phosphatidylserine Apoptosis Assay Kit (AAT Bioquest, Sunnyvale, USA) was used to visualize apoptotic cells according to the manufacturer's instructions. Briefly, 2 × 10 5 cells/ well were seeded in 6-well plates and treated with 900 μM CoCl 2 or subject to hypoxia (1% O 2 ) for 48 h. Cells were then collected, washed twice with PBS, and resuspended in 200 μl of assay buffer. Next, 2 μl of Apopxin™ Violet 450 and propidium iodide (PI) was added to the cells and incubated at room temperature for 45 min. Finally, 300 μl of assay buffer was added and the samples were analyzed with a flow cytometer (Beckman, Pasadena, USA). 
Immunofluorescent confocal imaging

Immunohistochemistry analysis
Immunohistochemical analysis was used to study the protein expression levels in Sprague-Dawley rat specimens. Acute myocardial infarction (AMI) animal models were established similarly to previously described methods [10] . Male Sprague-Dawley rats (Jiesijie Laboratory Animal Co), 6 weeks of age, weighing 200-220 g, were anesthetized by an intraperitoneal administration of 2% pentobarbital (40 mg/kg). The rats were endotracheally intubated and mechanically ventilated with supplemental oxygen. The heart was exposed through a thoracotomy at the left fourth intercostal space, and the left anterior descending coronary artery (LAD) was occluded by a 6-0 silk suture 1-2 mm below the tip of the left atrial appendage. The presence of an AMI was confirmed by the pale appearance of the area at risk and changes in the electrocardiography profiles, including an immediate elevation of the ST segment and a significant increase in the amplitude and width of the QRS complex. Sham control animals were treated in the same way except the ligation of LAD. Myocardial tissues isolated from rats were fixed with 10% buffered formalin, embedded in paraffin, and cut into 4-μm-thick sections that were stained with hematoxylin-eosin. After being washed with PBS, endogenous peroxide was blocked with 3% H 2 O 2 in PBS for 15 min at room temperature. Slides were blocked with 10% normal goat serum for 30 min at room temperature. The sections were incubated with primary antibody against integrin β3 (1:100; Abcam), and then with the appropriate HRP-conjugated secondary antibody (1:1000; Sigma). The antigen-antibody complex was visualized using a DAB kit (Invitrogen, Grand Island, USA). The control samples were stained without the primary antibody or with normal serum instead of the primary antibody.
RNA interference
Small-interfering RNA (siRNA) oligos for integrin β3 and a general negative control (NC) were synthesized and annealed by GenePharma (Shanghai, China). The fragments were designed to target integrin β3 transcripts. Integrin β3-2310 sense: 5′-GCAAACAACCCAUUGUA UATT-3′, antisense: 5′-UAUACAAUGGGUUGUUUGCTT-3′; NC sense: 5′-UUCUCCGAACGUGUCACGUTT-3′. antisense 5′-ACGU GACACGUUCGGAGAATT-3′. Cells were transfected with Lipofectamine 2000 (Invitrogen) according to previously described protocol [11] .
Statistical analysis
All results are presented as the mean ± standard deviation (SD). SPSS 16.0 statistical package (SPSS, Chicago, USA) was used to analyze the data. Multiple comparisons were performed by using oneway analysis of variance (ANOVA). Two group comparisons were performed by t-test. P values <0.05 were considered to be statistical significant differences.
Results
Hypoxia inhibits cell proliferation and induces cell apoptosis
To confirm the effects of hypoxia on cardiomyocytes, H9C2 cells were treated with CoCl 2 or subject to hypoxia (1% O 2 ) to mimic a hypoxic microenvironment. Our results showed that CoCl 2 inhibited cell proliferation in a dose-and time-dependent manner in H9C2 cells (Fig. 1A,B) . Moreover, cell proliferation was inhibited under hypoxic culture conditions (Fig. 1C) . Furthermore, our results also showed that CoCl 2 or hypoxia culture condition induced cardiomyocyte apoptosis (Fig. 1D,E) . Therefore, these results suggest that the hypoxic microenvironment can inhibit cardiomyocyte proliferation and induce cardiomyocyte apoptosis.
Hypoxia induces integrin β3 expression in H9C2 cells
To explore the role of integrin β3 in hypoxia-induced cardiomyocyte apoptosis, we measured the expression of integrin β3 and HIF1α under CoCl 2 treatment or hypoxic culture conditions in H9C2 cells. Our results showed that HIF1α expression was upregulated in CoCl 2 -treated H9C2 cells (Fig. 2B) . Thus, CoCl 2 induced a hypoxic microenvironment in cardiomyocytes. Moreover, integrin β3 mRNA and protein levels were upregulated in CoCl 2 -treated H9C2 cells ( Fig. 2A,B) . Furthermore, integrin β3 expression was upregulated in a dose-and time-dependent manner in H9C2 cells treated with CoCl 2 ( Fig. 2A-D) . Similarly, the expression levels of integrin β3 and HIF1α were also upregulated in H9C2 cells subjected to hypoxic conditions (Fig. 2E) . Therefore, these results suggest that hypoxia can induce integrin β3 expression in H9C2 cells.
To further confirm this effect, we determined the effect of hypoxia on primary cultured myocardial cells. Our results showed that HIF1α expression was upregulated in CoCl 2 -treated primary myocardial cells (Fig. 3A) . Thus, CoCl 2 induced a hypoxic microenvironment in cardiomyocytes. Furthermore, integrin β3 expression was also upregulated in CoCl 2 -treated primary myocardial cells (Fig. 3A) . TUNEL assay results also showed that CoCl 2 induced primary myocardial cell apoptosis (Fig. 3B) .
Knockdown of integrin β3 expression by RNAi increases hypoxia-induced cell apoptosis
The above results suggest that hypoxia can induce cardiomyocyte apoptosis and increase the expression of integrin β3 in H9C2 cells. Therefore, we further investigated whether integrin β3 is involved in hypoxia-induced cell apoptosis. Transfection efficiency was determined by fluorescence microscopy. The transfection efficiency was 80%. The mRNA and protein expression levels of integrin β3 were suppressed in H9C2 cells transfected with a target-specific siRNA (Fig. 4A,B) . Cell apoptosis was increased in integrin β3-knockdown H9C2 cells (Fig. 4C,D) . This result suggests that integrin β3 plays an important role in cardiomyocyte apoptosis.
We then investigated the effect of hypoxia on cell apoptosis in integrin β3-knockdown H9C2 cells. The results showed that CoCl 2 -induced cell apoptosis was increased in integrin β3-knockdown H9C2 cells (Fig. 4C,D) . The same effects were also found in H9C2 cells subjected to hypoxic culture conditions (Fig. 4C,D) . Therefore, these data suggest that integrin β3 is involved in hypoxia-induced cell apoptosis.
Overexpression of integrin β3 decreases hypoxia-induced cell apoptosis
To further investigate the role of integrin β3 in hypoxia-induced H9C2 cell apoptosis, integrin β3 plasmids (Gencopoeia, Guangzhou, China) were transfected into H9C2 cells. Integrin β3 overexpression was confirmed in H9C2 cells by western blot analysis (Fig. 5A) . Our results showed that CoCl 2 -induced cell apoptosis was weakened in integrin β3-overexpression H9C2 cells (Fig. 5B) .
Integrin β3 is upregulated in AMI rat cardiac tissues
In our previous studies, we found that the percentages of apoptotic myocardial cells in AMI rats were significantly higher than those in the control rats [10] . Therefore, we determined the expression levels of integrin β3 and HIF1α in AMI rats by immunohistochemistry. Our results showed that the myocardial apoptotic percentages in AMI rats (27.64% ± 3.15%, n = 6) were significantly higher than those in the control rats (0.57% ± 0.21%, n = 6; Fig. 6A , P < 0.05). Furthermore, it was also found that integrin β3 protein expression was upregulated in AMI rat cardiac tissues (32.46% ± 4.05%) when compared with that in the control rat cardiac tissues (8.02% ± 1.60%, P < 0.01; Fig. 6B ). Moreover, HIF1α expression was also upregulated in AMI rat cardiac tissues (35.44% ± 1.71%) when compared with that in the control rat cardiac tissues (4.59% ± 0.58%, P < 0.01; Fig. 6B ). Therefore, increased integrin β3 may reflect a compensatory mechanism to protect cardiomyocyte apoptosis in the hypoxia-induced AMI rat cardiac tissues.
Discussion
In the present study, we found that hypoxia induced high expression levels of integrin β3, which is associated with significantly increased cardiomyocyte apoptosis. Furthermore, knockdown of integrin β3 expression increased hypoxia-induced cardiomyocyte apoptosis. Integrin β3 and HIF1α protein expression levels were upregulated in AMI rat cardiac tissues compared with those in the control rat cardiac tissues. Thus, the results of the present study demonstrate that integrin β3 plays an important role in hypoxia-induced cardiomyocyte apoptosis.
AMI is a major cause of cardiovascular disease-related mortality worldwide [12] . Hypoxia is a major and significant hallmark of various cardiac pathologies, and it leads to cardiomyocyte necrosis and apoptosis. The progressive deterioration of hypertrophied left ventricle (LV) programmed cell death (apoptosis) in cardiac myocytes is involved in the development of heart failure [13] . Several studies have demonstrated that apoptosis can be manipulated and reversed [14, 15] . Therefore, it is important to elucidate the mechanisms of apoptosis regulation in cardiomyocytes. In our study, we found that the hypoxic microenvironment induces cardiomyocyte apoptosis. Integrin β3 expression was upregulated in H9C2 cells. Furthermore, knockdown of integrin β3 expression increased CoCl 2 -and hypoxia-induced apoptosis in H9C2 cells. Integrin β3 overexpression weakened CoCl 2 -induced apoptosis in H9C2 cells. In addition, we also found that integrin β3 expression was upregulated in myocardial tissue from a rat model of heart failure, suggesting that integrin β3 is required for the protection against apoptosis induced by hypoxic microenvironments both in vivo and in vitro.
Integrins are heterodimeric trans-membrane receptors composed of an α-subunit and a β-subunit. Accumulating evidence shows that integrins play an important role in a variety of cellular events, including migration, proliferation, survival, invasion, differentiation, and matrix remodeling. Integrin β3 is one of the main integrin heterodimer receptors on the surface of cardiac myocytes [16] . A previous study showed that hypoxia inhibits human microvascular endothelial cell proliferation and increases the expression levels of integrin αv, β1, β3, and β5 [17] . Other studies have also shown that integrin β3 has a protective effect in many heart diseases [18] . Furthermore, knockdown of integrin β3 also increases apoptosis in cardiomyocytes treated with hydrogen peroxide [19] . However, it is unclear whether hypoxia can regulate the expression of integrin β3 in cardiomyocyte apoptosis. We found that a hypoxic microenvironment increased the mRNA and protein expression levels of integrin β3 in cardiomyocytes during both physical and chemical hypoxia. Furthermore, knockdown of integrin β3 expression increased hypoxia-induced apoptosis in cardiomyocytes. Currently, the exact mechanism by which integrin β3 protects against apoptosis remains unclear. A previous study identified that β3 integrin signaling via repression of BAD is an important survival pathway in breast cancer cells to evade chemotherapy-induced stress [20] . Johnston et al. [21] used integrin β3-knockout mice and demonstrated that integrin β3 is critical for the activation of NF-κB-mediated cell survival signaling in cardiomyocytes. In addition, the loss of integrin β3 function could be a key mechanism of calpain-mediated apoptosis in cardiomyocytes in a pressure-overload myocardium [6] . However, the exact mechanism by which integrin β3 protects against apoptosis needs to be further studied in the future.
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